Geminin Mediates FoxO3 Deacetylation by HDAC3 by 蔡美贞
 
 
学校编码：10384                               分类号      密级       




硕   士   学   位   论   文 
 
Geminin 调控 FoxO3 乙酰化修饰的机理研
究 





             专  业 名 称：生物化学与分子生物学 
论文提交日期：2017年 4月 
论文答辩时间：2017年 5月 
学位授予日期：2017年  月 
 
答辩委员会主席：              
评    阅    人：              
























另外，该学位论文为（       尤涵       ）课题（组）的研究
成果，获得（       尤涵         ）课题（组）经费或实验室的资







































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 


















目录 ..................................................... I 
Table of content .......................................... V 
摘要 .................................................... IX 
Abstract ................................................ X 
第一章 前言 .............................................. 1 
1.1 Geminin 蛋白 ........................................................................................... 1 
1.1.1 Geminin 的分子结构.............................................................................. 1 
1.1.2 Geminin 的功能...................................................................................... 2 
1.1.2.1 Geminin 调控 DNA 复制 ............................................................. 2 
1.1.2.2 Geminin 与细胞增殖.................................................................... 4 
1.1.2.3 Geminin 与胚胎发育.................................................................... 4 
1.1.2.4 Geminin 与同源异形盒蛋白基因或蛋白的作用........................ 6 
1.1.2.5 Geminin 与肿瘤............................................................................ 7 
1.2 组蛋白去乙酰化酶家族 ......................................................................... 8 
1.2.1 HDAC 的分类 ........................................................................................ 9 
1.2.2 HDAC 的结构与功能 .......................................................................... 10 
1.2.2.1 第 I 类 HDAC ............................................................................ 10 
1.2.2.2 第 II 类 HDAC........................................................................... 10 
1.2.2.3 第 III 类 HDAC .......................................................................... 11 
1.2.2.4 第 IV 类 HDAC .......................................................................... 11 
1.3 FoxO 蛋白家族 ...................................................................................... 12 
1.3.1 FoxO 蛋白家族的结构 ........................................................................ 12 
1.3.2 FoxO 蛋白表达和活性的调控 ............................................................ 13 
1.3.2.1 FoxO 蛋白家族的转录调控 ...................................................... 13 
1.3.2.2 FoxO 蛋白家族的转录后修饰 .................................................. 13 
















1.3.2.2.2 FoxO 蛋白的乙酰化 ........................................................ 15 
1.3.2.2.3 FoxO 蛋白的泛素化 ........................................................ 18 
1.3.2.2.4 FoxO 蛋白的甲基化 ........................................................ 19 
1.3.2.2.5 FoxO 蛋白的糖基化 ........................................................ 19 
1.3.3 FoxO 蛋白家族的生物学功能 ............................................................ 19 
1.3.3.1 FoxO 蛋白参与细胞周期 .......................................................... 20 
1.3.3.2 FoxO 蛋白参与细胞增殖与凋亡 .............................................. 20 
1.3.3.3 FoxO 蛋白参与细胞分化 .......................................................... 21 
1.3.3.4 FoxO 蛋白参与细胞代谢 .......................................................... 21 
1.3.3.5 FoxO 蛋白参与 DNA 损伤修复 ................................................ 22 
1.3.3.6 FoxO 蛋白参与抗氧化应激 ...................................................... 22 
1.3.3.7 FoxO 蛋白参与细胞自噬 .......................................................... 22 
1.4 立题背景、内容和意义 ........................................................................ 22 
第二章 材料与方法 ....................................... 24 
2.1 实验材料 ............................................................................................... 24 
2.1.1 菌株和细胞株...................................................................................... 24 
2.1.2 质粒载体.............................................................................................. 24 
2.1.2.1 pLV-H1-EF1α-puromycin/Blasticidin ....................................... 24 
2.1.2.2 pLVX-IRES-Neo ........................................................................ 25 
2.1.2.3 pGEX-4T-1 ................................................................................. 26 
2.1.2.4 pET-21b ...................................................................................... 26 
2.1.3 主要试剂与材料.................................................................................. 27 
2.1.4 主要仪器.............................................................................................. 29 
2.2 常用溶液配方 ........................................................................................ 31 
2.2.1 大肠杆菌感受态的制备和质粒转化相关溶液................................... 31 
2.2.2 质粒 DNA 制备相关溶液 .................................................................... 31 
2.2.3 细胞培养、转染和感染相关溶液....................................................... 32 
2.2.4 生化实验相关溶液............................................................................... 33 
















2.3.1 分子克隆相关实验方法....................................................................... 37 
2.3.1.1 大肠杆菌感受态细胞的制备..................................................... 37 
2.3.1.2 PCR 反应 .................................................................................... 38 
2.3.1.3 DNA 的琼脂糖凝胶电泳及回收 ............................................... 39 
2.3.1.4 目的片段的酶切、连接与转化................................................ 40 
2.3.1.5 质粒的扩增与提取.................................................................... 43 
2.3.1.5.1 小规模质粒扩增与提取................................................... 43 
2.3.1.5.2 大规模质粒扩增与提取.................................................. 43 
2.3.1.6 质粒的酶切与测序鉴定............................................................ 44 
2.3.1.7 基因定点突变............................................................................ 44 
2.3.2 基因组 DNA 的提取 ........................................................................... 45 
2.3.3 RNA 的相关实验 ................................................................................. 46 
2.3.3.1 RNA 的提取 ............................................................................... 46 
2.3.3.2 RNA 的逆转录 ........................................................................... 47 
2.3.3.3 实时荧光定量 PCR ................................................................... 47 
2.3.4 RNA 干扰载体的构建 ......................................................................... 48 
2.3.5 蛋白相关实验 .................................................................................... 49 
2.3.5.1 制备全细胞裂解液.................................................................... 49 
2.3.5.2 蛋白浓度测定............................................................................ 49 
2.3.5.3 蛋白免疫印迹........................................................................... 49 
2.3.5.4 荧光素酶活性检测................................................................... 51 
2.3.5.5 融合蛋白的表达和纯化........................................................... 51 
2.3.5.6 谷胱甘肽巯基转移酶沉淀实验............................................... 52 
2.3.5.7 免疫共沉淀实验....................................................................... 53 
2.3.5.8 免疫荧光实验........................................................................... 54 
2.3.6 细胞培养及相关实验 ........................................................................ 54 
2.3.6.1 细胞培养................................................................................... 54 
2.3.6.2 细胞传代................................................................................... 55 
















2.3.6.3.1 磷酸钙转染法................................................................. 55 
2.3.6.3.2 X-tremeGENE HD 转染 ................................................. 56 
2.3.6.3.3 慢病毒介导的 RNA 干扰 .............................................. 56 
2.3.6.3.4 慢病毒感染..................................................................... 57 
2.4 数据统计分析和图片处理 .................................................................... 57 
第三章 实验结果与讨论 ................................... 58 
3.1 实验结果 ............................................................................................... 58 
3.1.1 Geminin 与 FoxO3 相互作用 .............................................................. 58 
3.1.1.1 Geminin 直接与 FoxO3 相互作用 ............................................ 58 
3.1.1.2 FoxO3 的第 130 位谷氨酸残基与 Geminin 相互作用 ............ 59 
3.1.1.3 FoxO3 通过 DBD 结构域与 Geminin 相互作用 ...................... 61 
3.1.2 FoxO1 与 Geminin 有相互作用 .......................................................... 62 
3.1.2.1 FoxO1 与 Geminin 有直接相互作用 ........................................ 62 
3.1.2.2 FoxO1 的 DBD 结构域与 Geminin 相互作用 .......................... 63 
3.1.3 Cdt1 不干预 Geminin 与 FoxO3 的相互作用 ..................................... 65 
3.1.4 Geminin 作为一个支架蛋白连接 HDAC3 和 FoxO3 ....................... 66 
3.1.4.1 Geminin 直接与 HDAC3 相互作用 ......................................... 66 
3.1.4.2 Geminin 通过 E101 和 E104 位点与 HDAC3 相互作用 ......... 68 
3.1.4.3 Geminin 介导 HDAC3 与 FoxO3 的相互作用 ......................... 69 
3.1.4.4 HDAC3、Geminin 和 FoxO3 在细胞核共定位 ....................... 71 
3.1.5 Geminin 通过 HDAC3 调控 FoxO3 的乙酰化修饰  ......................... 67 
3.2 讨论 ...................................................................................................... 75 
参考文献 ................................................ 78 


















Table of content 
V 
 
Table of content 
Table of content(In Chinese) ................................. I 
Table of content(In English) ................................ V 
Abstract(In Chinese) ...................................... IX 
Abstract (In English) ...................................... X 
CHAPTER 1 Introduction .................................. 1 
1.1 Geminin .................................................................................................... 1 
1.1.1 The structure of Geminin ........................................................................ 1 
1.1.2 The function of Geminin ......................................................................... 2 
1.1.2.1 Geminin regulates DNA replication.............................................. 2 
1.1.2.2 Geminin and cell proliferation ...................................................... 4 
1.1.2.3 The function of Geminin in embryonic development ................... 4 
1.1.2.4 Effects of Geminin on Homologous Box gene or Proteins ........... 6 
1.1.2.5 Geminin and neoplasms ................................................................ 7 
1.2 Histone deacetylase family ..................................................................... 8 
1.2.1 The class of HDAC ................................................................................. 9 
1.2.2 The structure and function of HDAC ...................................................... 9 
1.2.2.1 Class I HDAC ............................................................................... 9 
1.2.2.2 Class II HDAC ............................................................................ 10 
1.2.2.3 Class III HDAC........................................................................... 11 
1.2.2.4 Class IV HDAC .......................................................................... 11 
1.3 FoxO family ........................................................................................... 12 
1.3.1 The structure of FoxO family ............................................................. 112 
1.3.2 Regulation of expression and transcriptional activity of FoxO ............ 13 
1.3.2.1 The transcriptional regulation of FoxO ....................................... 13 
1.3.2.2 The post-translational regulation of FoxO .................................. 13 













Table of content 
VI 
 
1.3.2.2.2 Acetylation of FoxO .......................................................... 13 
1.3.2.2.3 Ubiquitination of FoxO ..................................................... 15 
1.3.2.2.4 Methylation of FoxO......................................................... 19 
1.3.2.2.5 Glycosylation of FoxO ...................................................... 19 
1.3.3 Biological functions of FoxO................................................................ 19 
1.3.3.1 Cell cycle regulation by FoxO .................................................... 20 
1.3.3.2 Cell proliferation and apoptosis regulation by FoxO .................. 20 
1.3.3.3 FoxO in cell differentiation ......................................................... 21 
1.3.3.4 Metabolism regulation by FoxO ................................................. 21 
1.3.3.5 DNA damage response regulation by FoxO ............................... 22 
1.3.3.6 Anti-oxidative stress of FoxO  ................................................... 22 
1.3.3.7 FoxO in autophagy ...................................................................... 22 
1.4 Project background, content and significance  ................................. 22 
CHAPTER 2 Materials and methods ......................... 24 
2.1 Materials ................................................................................................ 24 
2.1.1 Bacterial strains and cell lines ............................................................... 24 
2.1.2 Plasmid .................................................................................................. 24 
2.1.2.1 pLV-H1-EF1α-puromycin/Blasticidin ....................................... 24 
2.1.2.2 pLVX-IRES-Neo ........................................................................ 25 
2.1.2.3 pGEX-4T-1 ................................................................................. 26 
2.1.2.4 pET-21b ...................................................................................... 26 
2.1.3 Chemicals and reagents......................................................................... 27 
2.1.4 Equipment ............................................................................................. 29 
2.2 Solution recipe ....................................................................................... 31 
2.2.1 Preparation of E.coli competent state and plasmid transformation 
related solutions ............................................................................................. 31 
2.2.2 Solution of plasmid preparation ............................................................ 31 
2.2.3 Solution of cell culture,transfection and infection ................................ 32 













Table of content 
VII 
 
2.3 Methods .................................................................................................. 37 
2.3.1 DNA work ............................................................................................. 37 
2.3.1.1 Preparation of E.coli competent cells ......................................... 37 
2.3.1.2 PCR reactions.............................................................................. 38 
2.3.1.3 Agarose gel electrophoresis ........................................................ 39 
2.3.1.4 Purification,ligation and transformation of DNA fragments ...... 40 
2.3.1.5 Extraction and extraction of plasmids ......................................... 43 
2.3.1.5.1 Mini-preparetion of plasmid DNA.................................... 43 
2.3.1.5.2 Purification of large amount DNA .................................... 43 
2.3.1.6 Identification of plasmids ............................................................. 44 
2.3.1.7 Gene mutation .............................................................................. 44 
2.3.2 Gemomic DNA extraction .................................................................... 45 
2.3.3 RNA work ............................................................................................. 46 
2.3.3.1 Extraction of RNA ...................................................................... 46 
2.3.3.2 Revese-transcription of RNA(RT) .............................................. 47 
2.3.3.3 Real time quantitative PCR ......................................................... 47 
2.3.4 Consturction of RNA interference vectors ............................................ 48 
2.3.5 Protein work ......................................................................................... 49 
2.3.5.1 Preparation of total cell lysates .................................................. 49 
2.3.5.2 Measurement of protein concetration ........................................ 49 
2.3.5.3 Western blot ............................................................................... 49 
2.3.5.4 Luciferase activity analysis ........................................................ 51 
2.3.5.5 The expression and purification of fusion protein ..................... 51 
2.3.5..6 GST-pull down.......................................................................... 52 
2.3.5.7 Chromatin immunoprecipitation ................................................ 53 
2.3.5.8 Immunofluorescence assay ........................................................ 54 
2.3.6 Cell culture work ................................................................................. 54 
2.3.6.1 Cell culture ................................................................................. 54 
2.3.6.2 Cell passage ............................................................................... 55 













Table of content 
VIII 
 
2.3.6.3.1 Transient transfection with calcium phosphate ................ 55 
2.3.6.3.2 Transfection of X-tremeGENE HD ................................. 56 
2.3.6.3.3 Virus packaging................................................................ 56 
2.3.6.3.4 Virus infection .................................................................. 67 
2.4 Statistics analysis and photograph processing ................................... 57 
CHAPTER 3 Results and discussion ......................... 58 
3.1 Results .................................................................................................... 58 
3.1.1 Geminin interacts with FoxO3 .............................................................. 58 
3.1.1.1 Geminin direct binds to FoxO3................................................... 58 
3.1.1.2 Geminin binds to FoxO3 at site of E130 .................................... 59 
3.1.1.3 FoxO3 interacts with Geminin by DBD domain ........................ 61 
3.1.2 FoxO1 interacts with Geminin .............................................................. 62 
3.1.2.1 FoxO1 direct binds to Geminin................................................... 62 
3.1.2.2 FoxO1 interacts with Geminin by DBD domain ........................ 63 
3.1.3 The role of Cdt1 for interaction between Geminin and FoxO3 is not  
require ............................................................................................................ 65 
3.1.4 Geminin as a scaffold protein connected to HDAC3 and FoxO3 ......... 66 
3.1.4.1 Geminin direct interacts with HDAC3 ....................................... 66 
3.1.4.2 Geminin binds to HDAC3 by the site of E101 and E104 ........... 68 
3.1.4.3 Geminin mediates HDAC3 binding to FoxO3............................ 69 
3.1.4.4 The co-localization of HDAC3, Geminin and FoxO3 in nuclear71 
3.1.5 Geminin directs HDAC3 specifically to deacetylate FoxO3 ................ 72 
3.2 Disccusion .............................................................................................. 75 
References ............................................... 78 























与 Cdt1 相互作用抑制 DNA 的重复复制，保证在一个细胞周期内 DNA 仅被复制
一次；在不同的发育阶段作为抑制因子或者诱导因子参与胚胎发育的调节；通过
与同源异形盒蛋白 Six3 及 Hox 等相互作用分别对眼睛发育及胚胎发育起调节作





独敲低 Geminin 或 HDAC3 都会上调 FoxO3 的乙酰化水平，但同时敲低 Geminin
和 HDAC3，FoxO3 的乙酰化水平并不会进一步增加，说明 HDAC3 和 Geminin
是共同调控 FoxO3 的乙酰化修饰。进一步研究发现，HDAC3 能够与 Geminin 直
接相互作用，但 HDAC3 并不能与 FoxO3 直接相互作用，通过两轮免疫共沉淀
发现 Geminin、HDCA3 和 FoxO3 在同一个复合物中，共定位于细胞核。本论文


























Geminin, a ploypeptide of about 25 kDa, is a multifunctional protein and occurs 
in nuclei. Geminin plays a fundamental role in the regulation of embryonic 
development, cell cycle, the maintenance of chromosomal integrity and tumorigenesis. 
Geminin negatively regulates Cdt1 function to ensure DNA must be replicated once 
and only once during each cell cycle. Geminin also involves in embryonic 
development as an inhibitory or induction factor at different developmental stages. It 
can regulate the development of the eye and the embryo by interaction with the 
homologous box protein Six3 and Hox. HDAC3 is a member of Rpd3/Had1 
deacetylase family, which regulates the deacetylation of histone lysine residues, 
HDAC3 only through the interaction with other proteins to form a multi-subunit 
complex to activation deacetylase activity, and then interacts with other proteins to 
mediate a specific site of gene transcription. However, little is known how HDAC3 
specifies its substrates for modulation among those highly homologous transcription 
factor family members. Here we report that Geminin is a new binding partner of 
FoxO3. Brest cancer cells depleted of Geminin results in FoxO3 acetylation; HDAC3 
deficiency also facilitates FoxO3 acetylation. However, depletion of Geminin and 
HDAC3 does not result in FoxO3 further acetylation. It is suggested that 
HDAC3-Geminin axis regulates FoxO3 deacetylation. In addition, HDAC3 direct 
binds to Geminin and HDAC3 does not direct bind to FoxO3, but Geminin, HDAC3 
and FoxO3 are a complex, which is co-localization in nuclei. Our results demonstrate 
that Geminin is a substrate-specifying factor to couple HDAC3 and FoxO3, thereby 
specifically facilitating FoxO3 deacetylation. 
 




















1.1 Geminin 蛋白 
Geminin 是 McGany 和 Kirschner[1]在 1998 年发现的一个多功能蛋白，相对









1.1.1 Geminin 的分子结构 
Okorokov A 等人揭示了人类 Geminin 蛋白三维图[8, 9]。它有 2 种异构体
——Geminin H 和 Geminin L，分别含有 219 和 216 个氨基酸。如图 1.1 所示，
Geminin 的 N 端是一个与周期蛋白 B 同源的 RXALGVIXN 的破坏框（destruction 
domain），同时也是泛素化的位点。在 HeLa 细胞中，Geminin 的第 45 和 49 位丝
氨酸在细胞周期 S 期时被磷酸化进而通过蛋白酶体途径被降解[10]。因此，破坏
框的突变将导致 Geminin 无法被降解。位于第 110-144 位的氨基酸序列能够形成
卷曲螺旋结构域（coiled-coil domain），此结构域含有由 7 个氨基酸残基组成的五
个重复单位，形成带负电荷的亮氨酸拉链（leucine zipper）。该结构域通常与蛋
白质二聚体相关，是蛋白与蛋白相互作用的位点。Sandeep [11]等人发现位于亮氨
酸拉链的第 120、124、131、134 位亮氨酸同时突变，会使 Geminin 无法形成二
聚体，从而无法结合 Cdt1。Geminin 的 C 端保守性并不高[1]。 
Geminin 是一种核定位蛋白，在第 50-116 之间的氨基酸序列是一个双向核定





















图 1.1 Geminin 的结构域，引自文献【9】 
Figure 1.1 The structural domain of Geminin 
 
1.1.2 Geminin 的功能 
1.1.2.1 Geminin 调控 DNA 复制 
在细胞增殖过程中，为了确保基因组的稳定性与完整性，维持世代之间的忠
实性，细胞必需保证在一个周期内，DNA 有且仅有一次被复制。Geminin 是细
胞周期中一个重要的调控蛋白，它通过与 DNA 复制起始因子 Cdt1 结合，抑制
其与微型染色质维持蛋白（MCM 2-7）和 Cdc6 结合，从而抑制 DNA 复制。Geminin
在细胞周期中的 G1 期并不表达，只在 S 和 G2 期表达，在有丝分裂的中后期被
后期促进复合物（anaphase-promoting complex，APC）降解[13]。因此，Geminin
蛋白被认为是一种特异性的细胞周期相关因子，与细胞周期依赖性蛋白激酶（cdk）
一起作为严格调控 DNA 复制的保证。 
研究表明，Geminin 在细胞周期的不同时期发挥着不同的调控作用，其调控
方式也不一样。Geminin 是 G1 期向 S 期转化的信号，从 S 期开始累积，在 M 期

















促进 APC 的泛素化途径降解。Geminin 在 M 期被降解后，又促进 DNA 复制的
启动。在 M 后期和 G1 期，细胞在复制起始点上开始形成前复制复合体
（pre-replication complex，Pre-RC）[14, 15]。复制起始因子（origin recognition complex，
ORC）结合到染色体的复制起始位点上，然后 ORC 募集细胞分裂周期蛋白 Cdc6
（cell division cycle 6）和 Cdt1（Cdc10 dependent transtript 1）通过自身 DNA 结
合活性结合到染色体上，从而 MCM2-7 可以以此停靠到染色体上，这些复制许
可因子共同组成 Pre-RC，有 Pre-RC 结合的复制起点才能启动复制。 
DNA 复制一旦被启动，各种复制许可因子会通过不同途径失活，确保一个
细胞周期内 DNA 仅被复制一次，在这些因子中，Cdt1 被认为是最重要的蛋白。
因此，对 Cdt1 的调控在 DNA 复制过程中尤其重要。在哺乳动物中，Cdt1 可以
通过泛素化降解途径和 Geminin 调控两种方式被调节。 
Geminin 对 Cdt1 的调控作用可以分为两个方面： 
1、Geminin 抑制 Cdt1 作用，阻碍 DNA 复制[16]。如图 1.2 所示，当细胞进
入 S 期，Geminin 通过与 Cdt1 结合产生空间位阻作用，阻碍 Cdt1 与 MCM 2-7
结合，阻止其作为 MCM2-7 在 DNA 上停靠功能，抑制 DNA 复制。 
近年来有研究也表明，Geminin 要先与染色体结合才能行使抑制 Cdt1 的作
用[17]。HeLa 细胞中，Cdt1 与 Geminin 共同结合到染色体上，在 S 期早期 Cdt1
从染色质上分离下来而被迅速降解，在整个 S 期过程中 Geminin 都结合在染色体
上，即通过与染色体的结合来阻止逃逸降解的 Cdt1 和 S 期新合成的 Cdt1 与染色
体结合，这可能也是 Geminin 抑制 Cdt1 功能的一种机制。 
2、Geminin 稳定 Cdt1 促进 DNA 复制。在 S 期和 M 期，Geminin 是 Pre-RC
的负向调节因子，但在 G2 到 M 期，Geminin 是 Pre-RC 的正向调节因子，Geminin
通过结合 Cdt1 保护其免受泛素化介导的降解，从而促进 DNA 复制[18]。 
Yangagi 等人[19]发现，小鼠 Geminin 不仅可以阻止 Cdt1 与 MCM 2-7 之间的
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